In a visual search task, targets containing elementary features are detected in parallel, while a serial search is necessary for the detection of a target without a feature, or for targets containing conjunctions of features. In this study, we re-investigated the role of practice in visual search tasks, using an uncued visual search paradigm. Under some circumstances, initially serial tasks can become parallel with practice. Perceptual learning of feature search tasks is rapid (a few hundreds of trials are sufficient to transform serial into parallel search), long-lasting (a learned task is retained over several months), but far less specific than learning of other visual tasks (see also Sireteanu & Rettenbach, 1995a [Vision Research, 35, 2037 -2043). Learning transfers from one task to another, from one location in the visual field to another, and between the two eyes of a given subject, even if the subject has reduced stereopsis. Search for a conjunction of orientation and colour becomes more efficient, suggesting that a different search strategy emerges after prolonged practice. These results suggest that learning of visual search tasks modifies neural structures located at a high level in the visual pathway, involving different, presumably more central neural circuits, than the learning of visual discriminations and hyperacuity.
Introduction
Perceptual learning is an increase in the ability of an organism to get information from its environment, as a result of practice with the array of information provided by the environment.
Since this definition, given by Eleanor and James Gibson in 1955 , and since the influential book of Eleanor Gibson (1969) on Principles of perceptual learning and de6elopment a number of psychophysical studies have shown that visual functions undergo perceptual learning. Stereoacuity, discrimination of complex gratings, of orientation and motion direction, segmentation of oriented textures, as well as different forms of hyperacuity, improve after prolonged practice (c.f. Ramachandran & Braddick, 1973; Fiorentini & Berardi, 1980; Ball & Sekuler, 1982 , 1987 Vogels & Orban, 1985; Fahle & Edelman, 1993; Fahle, 1994 for reviews see Karni, 1996; Fiorentini & Berardi, 1997) .
The perceptual improvement is enduring, and in many cases, it shows a remarkable specificity. It involves only the trained visual field location, orientation, direction of movement, and sometimes even the trained eye, with little or no transfer to the non-trained aspects of the visual stimulus. This specificity suggests that perceptual learning must involve neural structures located at peripheral stages in the human visual pathway. The suggestions were quite varied, ranging from the monocular, location-and orientation-specific simple cells in the primary visual cortex (V1), as the site of learning of the segmentation of oriented textures or of vernier acuity discrimination (Karni & Sagi, 1991; Poggio, Fahle & Edelman, 1992 ; but see Beard, Levi & Reich (1995) and Schoups, Vogels & Orban (1995) , who suggested binocular mechanisms for both tasks); to higher-order, binocular areas, in which the information for retinal position, size and orientation is still preserved, but which show generalization across hemi-spheres, for learning of the discrimination of complex gratings (Fiorentini & Berardi, 1981; Berardi & Fiorentini, 1987) ; the binocular, direction-specific middle-temporal area (MT or V5), for learning of motion discrimination (Schoups et al., 1995; Vaina, Sundareswaran & Harris, 1995) ; areas beyond MT, binocular and unspecific for orientation and motion direction, for learning of structure-for-motion (Vidyasagar & Stuart, 1993) ; areas V3 or V4, retinotopic, but not specific for the attribute seen during practice, for learning of orientation discrimination by more than one attribute (Rivest, Boutet & Intriligator, 1997) . Other studies point to the involvement of high-level, attentional mechanisms, which modulate the specific levels of early (V2 -V4) visual processing (Ahissar & Hochstein, 1993 , 1996 . It was even suggested that learning of easy tasks might involve neural structures located at a high level in the visual pathway, while learning of more demanding, difficult tasks might require neural changes at more peripheral levels (Ahissar & Hochstein, 1997) .
Sagi and colleagues reported that the segmentation of an oriented texture improves mainly between the training sessions, rather than during training, and that improvement is best if a sleep episode involving REM sleep separates the two training sessions. It was proposed that learning requires a consolidation stage probably involving REM sleep (Karni & Sagi, 1993; Karni, Tanne, Rubenstein, Askenasy, & Sagi, 1994; . More recently, the necessity of a consolidation period was challenged (Beard et al., 1995; Schoups et al., 1995) . It was suggested that learning involves at least two distinct stages: a rapid one, lasting a few tens or hundreds of trials, in which the more cognitive aspects of the testing situation are learned; and a slow one, proceeding over many thousands of trials, in which the processing of the specific aspects of the test stimulus is improved (c.f. Beard et al., 1995; Fahle, Edelman & Poggio, 1995) .
In a previous study, we investigated the role of practice in visual search. We used an uncued visual search paradigm (the target to be detected was unknown to the subject, and varied from trial to trial). We found that learning in visual feature search was fast and enduring, but not specific: it transferred from one task to another, and between the two eyes of a given subject. Learning occurred exclusively during the training sessions; we did not find evidence for consolidation. We suggested that learning of visual search tasks probably involves neural structures located at another, possibly higher, level in the visual processing stream, than learning of visual discriminations and hyperacuity. We argued that, 'since learning of a given visual function is likely to involve the very neural mechanisms primarily responsible for the processing of this function, perceptual learning can occur at more than one place in the human brain, depending on the task being trained' (Sireteanu & Rettenbach, 1995a ).
In the present study, we report additional evidence in favour of this hypothesis. In the experiments presented here, we trained a large number of subjects on a variety of visual search paradigms, with the aim of studying the specificity of learning of these tasks.
In a visual search task, subjects search for a target item among a number of distracting items. If the time required to complete the search is roughly independent of the number of distractors, the search is said to be parallel; if search time increases linearly with the number of distractors, the search is said to proceed serially (Treisman & Gelade, 1980) . Targets for which the search is parallel are considered to contain elementary features, which are processed preattentively (Treisman, 1986) . The search rate may vary dramatically, depending on which stimulus plays the role of target and which that of distractors. This asymmetry is often taken as a diagnostic for preattentive processing of separable features (Treisman & Souther, 1985; Treisman & Gormican, 1988) . The search rate for target-present displays in which the target has a feature is usually one half of that for target-absent displays containing no features, thus indicating that the search is self-terminating (Treisman & Souther, 1985) .
The features isolated by the search process were proposed to act as building blocks of visual perception. They have been suggested to build up 'feature maps', which, in connection with a 'master map of locations' lead to the reconstruction of a visual image (Treisman & Gormican, 1988) . This is often referred to as an aspect of 'early vision' (although the authors do not claim that the primitive features be identical with the physiologically defined feature-specific mechanisms at the level of the primary cortex; Treisman & Paterson, 1984) .
The list of primitive features includes colour, luminance contrast, line length and orientation, curvature and closure, line crossings and convergence. Apparently complex visual targets, like vernier stimuli, direction of shading, subjective contours, and reflectance, have been recently added to the list of elementary features (Fahle, 1991a; Kleffner & Ramachandran, 1992; Davis & Driver, 1994; Sun & Perona, 1996) . The inclusion of some features in this list is still controversial; several authors argue against a strict 'parallel-serial' dichotomy, reasoning that the two processes rather reflect the limits of a continuum (c.f. Fahle, 1990; Townsend, 1990; Bravo & Nakayama, 1992; Cheal & Lyon, 1992; Wolfe, Yee & Friedman-Hill, 1992) .
We wondered under which conditions visual search can be improved with practice, and whether learning can always transform serial into parallel search. In addition to the specificity of learning for the task involved, we wanted to know whether perceptual learning is specific for retinal location, and whether it transfers between the two eyes of the trained subject (including the two eyes of stereoanomalous subjects). In addition, we investigated the effect of prolonged practice on a serial visual search task, by looking at conjunctions of orientation and colour.
The nine experiments reported here are organized as follows: Experiments 1-4 describe the basic experimental design and show the results of training in experienced and naive subjects, including control experiments. Experiment 5 addresses the issue of task specificity in learning of visual search tasks. Experiments 6 and 7 investigate the interocular transfer of learning of visual search tasks, including results from four stereoanomalous subjects. In Experiment 8, the role of the trained location in the visual field is investigated. Experiment 9 attempts to test the limits of specificity in learning of visual search tasks, by using a task devoid of local brightness cues (a conjunction of orientation and colour).
The experiments were performed with 46 naive and two experienced subjects. Part of the results were presented in preliminary form (Sireteanu & Rettenbach, 1993 , 1994 , 1995a ,b, 1996 .
Experiment 1: baseline measurements
The purpose of the first experiment was to make sure that the search curves reported in the literature could be replicated in our particular experimental conditions. Four naive observers participated in this experiment. These subjects were experienced in psychophysical experiments, but they had never participated in visual search tasks, and were not aware of the purpose of the present study.
Methods
We used four search tasks: circles with a gap among complete circles (feature 'gap'); circles with an added vertical line among plain circles (feature 'added line'); pairs of lines making an angle among pairs of parallel lines (feature 'convergence'); and tilted lines among vertical lines (feature 'tilt'). All four tasks have been reported to meet the criteria for 'feature' status (Treisman & Gormican, 1988) .
In the original visual search experiments, the targets were small (about 1°visual angle), black on a grey background, and presented on relatively small displays (typically about 9°× 13°visual angle). The subject's task was to press a key with one hand when the display was homogeneous (target absent), and another key with the other hand when a target was present.
Both the stimuli and the procedure were slightly modified in our protocol. To preclude the need for foveal scrutiny (and hence for several fixations), we used targets as salient as to be clearly discriminated in peripheral vision. The items were larger (3.5°on average), and the polarity of the stimuli was reversed: the stimuli were white on a blue background (mean background luminance was 0.59 cd/m 2 , luminance of the test items was 37.58 cd/m 2 ). The stimuli were presented on a computer screen. The size of the screen was 19°×26°( see Fig. 1 ). Fig. 1 . Stimuli used in the main experiment.
The reaction time was monitored with the aid of a computer mouse. The subject's task was to press a key of the mouse with the dominant hand as soon as he/she detected the odd item, then to indicate with the index finger of the same hand the position of the odd target. As soon as the key was pressed, the stimuli disappeared from the screen. When no target was present, the subject's task was again to press the key as soon as possible with the dominant hand and then to indicate, by raising the same hand, that the target was missing. This procedure was used, instead of the more common one of pressing two different keys with the two hands, to ensure that decision time was not confounded with deciding which hand was appropriate.
The subjects were seated at a distance of 57 cm from the screen in a dimly lit room. Testing was done binocularly. Each experimental session consisted of four test runs, in which all stimulus combinations were presented once in a pseudorandom sequence. The number of items in a set could be 1, 4, 8 or 16. There were 56 trials in a test run. Unless otherwise stated, each subject performed eight runs, grouped in two experimental sessions, on 2 consecutive days. There was no fixation point, but the subjects were asked to look at the center of the screen in between the trials. Feedback was provided and the error rate was recorded.
Before the first test session, the procedure was explained to the subjects. Warm-up trials were kept at a minimum (about 16 trials per subject). Informed consent was obtained from all subjects.
Results and discussion
Analyses of variance (ANOVAs) were carried out on the results of all experiments (see Table 1 ). Any effects discussed were significant at least at the P B 0.05 level. In the interest of brevity and clarity, the details of the ANOVAs are usually not listed in full.
The results of this experiment are shown in Fig. 2 . For all tasks except 'tilt', reaction times for the homogeneous sets increased with set size, indicating serial processing. For homogeneous sets containing only items without a feature ( in Fig. 2 ), the increase was less steep than when it contained only items with this feature (). For sets in which the target contained a feature ( ), search time was independent of set size, indicating parallel processing. For homogeneous sets in which the feature was associated with the distractors ( ), search time increased less rapidly than for the homogeneous sets in which all items contained a feature (); this asymmetry reconfirms the 'feature' character of our stimuli (Treisman & Gormican, 1988) . For the task 'tilt', search time was always independent of set size, probably because in our version of the stimuli, the difference between targets and distractors was more pronounced than in previous studies (The importance of saliency in visual search was also discussed by Nothdurft (1992 Nothdurft ( , 1993 ).
Slopes and intercepts for the search curves of these subjects are included in Table 2 .
In spite of the differences in the physical appearance of the stimuli and the experimental procedure, our results are consistent with results presented in the literature. Basic reaction time was, however, lower than reported in previous studies, probably because of our simpler reaction task. Reaction time for a single item was identical for all targets, regardless whether it had a feature or not.
Experiment 2: effect of practice in experienced observers
To investigate the effect of extensive practice on visual search, two observers (author R.S. and the initially naive observer B.G.) were tested repeatedly over a period of several months. Subject R.S. was very experienced with psychophysical methods, but had never participated in a visual search task.
Methods
The methods were identical to those of the previous experiment.
Results and discussion
The results of two selected experimental sessions of subject R.S., separated by 3 1/2 months, are shown in Fig. 3 . The results presented in the upper panel of Fig.  3 are similar to those of the naive observers, shown in Fig. 2 . In the lower panel, however, all search curves are flat, suggesting that, for this subject, all search tasks, including those which were initially serial, had become parallel with practice.
As a control for the possible influence of methodological aspects of our testing procedure, like the large size of the stimuli and of the monitor screen on which they were presented, to the absence of a fixation point, or to any auditory cues that might have been generated by the computer prior to presentation of the stimuli, we performed three additional experiments. In a first experiment, a fixation point was positioned at the center of the screen; the subject was asked to keep fixation on this point throughout the testing session. In a second experiment, the subject was seated at a testing distance of 114 cm, instead of 57 cm, from the screen; thus the linear size of the screen and of the stimuli were halved. In a third experiment, the subject was asked to wear ear plugs, thus eliminating any acoustical cues that might have accompanied the presentation of the stimuli. The results of these three control experiments are shown in Fig. 4 . , target-present, the target has a feature; , target-absent, no item has features; , target-present, the distractors have features; , target-absent, all items have the feature. For reasons of clarity, standard errors were omitted from all graphs. Fig. 4 shows that none of these factors have contributed to the very efficient search of subject R.S. Part of these results were replicated in the other extensively tested subject B.G. (data shown in Fig. 7 ).
Experiment 3: the dynamics of learning in naive subjects
To find out whether the transformation of serial into parallel search, suggested by the results of experiment 2, occurs as a result of rapid learning, another experiment was performed with eight new, unexperienced observers.
Methods
The methods were identical to those of the previous experiments.
Results and discussion
In addition to the slopes and intercepts of the cumulative search curves for the four tasks, the cumulated data of all subjects on a given task were processed separately for the eight consecutive test runs. In addition, the individual data of each subject, averaged over tasks, were processed separately for the eight consecu- tive test runs. Fig. 5 shows the cumulated results of the eight subjects for the feature 'gap', for the eight consecutive test runs (explained in figure legend). Reaction time decreased for all stimulus combinations; the decrease was more rapid for the homogeneous than for the heterogeneous test sets, and for larger than for smaller test sets, thus leading to a progressive decrease of the slopes. The slopes and intercepts of the eight naive subjects are shown in Table 3 . Table 4 shows the slopes and intercepts for the feature 'gap' during the eight consecutive runs. Clearly, both the slopes and the intercepts of the cumulated search curves decrease continously during the two practice sessions.
Similar results were obtained for the other features.
To allow inter-individual comparisons, the data of this experiment were processed in a different way (see also Sireteanu & Rettenbach, 1995a) : for each subject and each test run, the reaction times corresponding to all single items were averaged as a 'basic reaction time' (crosses in Fig. 6 ); also averaged were the reaction times for all displays containing one target with a feature ( ), for displays containing a target without a feature ( ), for displays containing only items without features () and for displays containing only items with features ().
In the following, this method will be used instead of the more common one of calculating the slopes and intercepts of the search curves, because we noticed that during learning, the search curves often departed significantly from linearity (see Fig. 3 , upper panel, and Tables 2 and 3) . Fig. 6 confirms that, in spite of a large inter-individual variability, all subjects showed marked learning effects. Over all subjects, the basic reaction time decreased continuously (crosses; mean decrease was 27%), but this decrease was less rapid than the decrease in the reaction time for the 'target-present' displays (closed symbols; mean decrease was 32%); most dramatic was the decrease for the 'target-absent' displays (open symbols; mean decrease was 40%).
For subject J.M., learning was so rapid that, at the end of the second testing session, all search tasks had become parallel.
Another case of very rapid learning is shown in Fig. 7 (upper panel) . In this more extensively tested, initially naive subject (B.G.), part of the measurements were done with the subject wearing ear plugs. Search had become parallel after the first six test runs and was not influenced by acoustical stimuli.
In all subjects, learning occurred exclusively during the test sessions, with a smooth transition from one session to the next. We did not see consolidation (nor forgetting) overnight.
To find out whether the acquisition of parallel search was stable, subject J.M. was retested after a period of 4 1/2 months. During this time, the subject was not involved in any psychophysical tests. Learning was largely retained over this period (see Fig. 8 ).
Experiment 4: control experiments
What is the consequence of the modified protocol of our experiments? Did the increased saliency of our stimuli, which made them easier to be discriminated peripherally, lead to progressively decreasing processing time? Were our subjects more prone to take risks in our pointing procedure, than they would have been in the more demanding task of choosing the correct hand before making a response? To answer these questions, we performed two control experiments.
Methods
In the first control experiment, the stimuli were replaced by a new set of stimuli, closely replicating the stimuli used by Treisman and colleagues. Only the feature 'gap' was used in this experiment. The stimuli were black (mean luminance was 0.17 cd/m 2 ) on a grey background (mean luminance was 8.67 cd/m 2 ). The size of the stimuli was 1.5°, the size of the display 8.9°× 13.0°. Set size could be 1, 6 or 12 items. Otherwise, the procedure was identical to that of our previous experiments. Eight new naive subjects were tested.
In the second control experiment, the stimuli were identical to those used in experiments 1-3, but the procedure closely replicated the procedure used by Treisman and colleagues: In half of the subjects, the response had to be given with one hand (the dominant one) for the target-absent displays and with the other Table 2 .
hand (the non-dominant one) for the target-present displays; in the other half, the allocation of the two hands to the different tasks was reversed. The experiment was performed with another eight new naive subjects.
Both control experiments were also performed with the two experienced observers, R.S. and B.G. In addition, subject B.G. participated in a control experiment where both the original method and the original stimuli were used.
Results and discussion
The results of the first control experiment are presented in Fig. 9 . As expected from the one control experiment with the experienced observer R.S. (see Fig.  4 , middle panel), the exact appearance of the stimuli was not critical for learning. In all eight subjects, reaction times decreased progressively in much the same way as in our previous experiments, and the search became progressively more efficient. In subject C.H., the search was parallel at the end of the second test session.
Both experienced observers (R.S. and B.G.) were retested with these stimuli and, for both, the search curves were completely flat, suggesting complete transfer to the new test stimuli. Fig. 10 shows the results of the second control experiment, in which different hands were used for signalling homogeneous, respectively heterogeneous displays. The overall reaction times were higher than in our initial experiments (mean basic reaction time was 631.88 ms in this control experiment, compared with 504.81 ms in experiment 3). The error rate was also higher (see Fig.  11 ), thus confirming our anticipation that deciding ('beforehand'!) which hand to use is a more demanding task than deciding whether, and where, a target was present. Nevertheless, learning occurred, and the search was clearly more efficient at the end than at the beginning of this experiment.
Retesting of the two experienced observers (R.S. and B.G.) lead to instantaneous transfer of learning to the new task (see Fig. 7, left lower panel) . The two control experiments presented above demonstrate that neither the exact appearance of the stimuli, nor the task involved are critical for the occurrence of learning in visual search. An additional control experiment, in which the two experienced observers R.S. and B.G. were retested with both the original (less salient) stimuli and the original (two-handed) method confirmed these results (see Fig. 7 , right lower panel).
To be sure that learning unambiguously leads from serial to parallel search, one must answer the question whether the decreased processing time is accompanied by an increased error rate (in other words, whether there is a speed-accuracy trade-off). The cumulated error rate of the 24 naive subjects for all three experimental protocols is shown in Fig. 11 .
Regardless of the testing procedure and the employed stimuli, error rate was very low (between 0.5 and 1.3%) and did not increase during testing. Indeed, the error rates during the second sessions were lower than during the first sessions, thus showing that the learning effect is not due to a shift in criterion, but reflects a genuine perceptual improvement ('perceptual learning'; see Gibson, 1969 ).
Experiment 5: task specificity
The results of the previous experiments made us wonder whether learning is specific for the trained feature, or whether it is the result of an improved search strategy (like 'learning to see', in other words, learning to allocate the attention to peripheral targets). In this event, learning would imply neuronal changes at a relatively high level in the visual processing stream.
To answer this question, we performed an additional experiment. Two new naive subjects were extensively trained, one with the feature 'gap', the other with the feature 'convergence'. Afterwards, they were tested, the first one with the feature 'convergence', the second with the feature 'gap'.
Methods
The methods were similar to those used in experiments 1-3, with the difference that each subject was trained on only one task. Training was done in three sessions, each consisting of four runs, on 3 consecutive days. Testing was performed in the immediately following 2 days.
Results and discussion
In both subjects, the search for 'target-absent' displays was serial to begin with, but became increasingly efficient as training progressed, and was nearly parallel at the end of the third practice session (left panels in Fig. 12 ). For both subjects, there was almost complete transfer to the new task (right panels in Fig. 12 ; see also Table 6 ).
Learning could not have been due to similarities in the physical appearance of the training and the test Fig. 10 . Individual learning curves for eight other new naive subjects, using a left -right hand reaction procedure. Symbols as in Fig. 6 . stimuli, since they were entirely different (the one contained only circles, the other only straight lines). Thus, learning in visual search is not specific for the task involved, but rather reflects an improved search strategy.
The lack of task specificity seen in this experiment suggests that learning in visual search must occur at a rather central location in the visual processing stream. The following two experiments were designed to obtain more information about the place in the brain where learning might have occured.
Experiment 6: eye specificity
One classical tool used in psychophysics is the interocular transfer: one eye is trained, after which the other one is tested. If the performance with the eye tested second reflects the improvement of the first, learning must have taken place at or beyond the place of confluence of the inputs from the two eyes (believed to be in the striate visual cortex).
Five new naive subjects were tested in an interocular transfer experiment.
Methods
The methods were identical to those of experiments 1-3. The five subjects were trained monocularly, in three sessions, on 3 consecutive days. In three subjects, training was performed with the dominant eye, in the Fig. 11 . Cumulated error rates for 24 naive subjects, in three experimental conditions. Error rates are presented separately for the two consecutive daily sessions. Fig. 12 . Task specificity. Two naive subjects were trained for one visual search task ('gap', respectively 'convergence') for 3 consecutive days, and then tested for the other task ('convergence', respectively 'gap') for other 2 consecutive days. Symbols as in other two subjects with the non-dominant eye. Testing of the untrained eye was begun on the fourth day and lasted 2 consecutive days.
Results and discussion
The results of two of the subjects tested in this experiment are shown in Fig. 13 . For unclear reasons, learning was slower when training was done monocularly, than under binocular conditions. However, whenever learning occurred, it transferred completely to the untrained eye (see also Table 6 ).
These results confirm that learning in visual search occurs at a central level in the visual pathway, at or beyond the site of confluence of the inputs of the two eyes.
Experiment 7: interocular transfer in stereoanomalous observers
The previous experiment confirmed that learning of feature search occurs at a rather central level in the visual pathway. But how central is 'central'? Experiments with animals (Von Grü nau, 1982; Sireteanu & Best, 1992) and humans (c.f. Wade, 1976; Sireteanu, Fronius & Singer, 1981) with abnormal binocular vision suggest that the confluence of the visual information coming from the two eyes is postponed in these subjects. Transfer of learning in stereoanomalous subjects might point to a site of learning higher than area V1. We therefore investigated the transfer of learning in subjects with reduced stereopsis.
Four stereoanomalous subjects participated in this experiment. All four were strabismic and had reduced acuity in one eye (strabismic amblyopia). Their orthoptic status is shown in Table 5 .
Methods
All testing was done monocularly. For two of the stereoanomalous subjects, the non-amblyopic eye was tested for the first 2 consecutive days, after which testing was continued for 2 further consecutive days using the amblyopic eye, and finally, the non-amblyopic eye was tested for 1 day. In the two other stereoanomalous subjects, the order of testing was reversed. Otherwise, the methods were identical to those of the previous experiments.
Results and discussion
All subjects showed clear, but diverse, patterns of learning during the first 2 days of training. With the possible exception of subject P.Z., learning continued smoothly after switching to the other, untrained eye, and again after reversal to the initially tested eye, regardless of which eye was trained first (see Fig. 14) .
Since these results do not differ from the pattern of interocular transfer of learning in observers with normal stereopsis, shown in experiment 6, we conclude that learning must have affected neural structures located after the point of confluence of the binocular information in stereoanomalous subjects; and, although the exact point in the human brain where this confluence occurs is unknown, it certainly involves neural structures located beyond area V1.
Experiment 8: location specificity
Experiments 5-7 have shown that learning in visual search is not specific for the trained task, nor for the trained eye. We wondered whether learning is specific for the trained location in the visual field; in other words, whether learning in a certain visual field location is generalized to other, untrained locations.
Four new naive subjects participated in this experiment. Amblyopic eyes are marked by an asterisk. 
Results and discussion
The results of two of the subjects tested in this experiment are shown in Fig. 15 . In both subjects, learning occurred, and it almost completely transferred to the new location of the targets (see also Table 6 ).
Thus, we conclude that learning of our visual search tasks is not specific for the trained location in the visual field. This reinforces our conclusion that learning of this task involves a rather central site in the human visual pathway, where precise retinotopy is lost and generalization occurs.
Experiment 9: conjunctions
In the previous experiments, we have shown that feature search improves with practice. Tasks which were initially serial could become parallel after a few hundreds of trials. Since we had purposely chosen tasks in which the stimuli involved had 'feature' status, we could not see a qualitative change in the search for a target containing a feature among several distractors without this feature (this search was parallel to begin with).
The question arises whether practice might also generate new features; in other words, whether it is possible to transform a 'non-feature' (a target for which serial search is needed) into a 'feature' (a target which elicits pop-out) by learning. To answer this question, we investigated the role of extensive practice on conjunction search.
In conjunction search, observers view a display consisting of, say, red vertical and green horizontal lines. Search for one green vertical (or red horizontal) line increases linearly with the number of distractors, indicating serial search (Treisman & Gelade, 1980) . In this experiment, we investigated whether conjunction search can become parallel with practice. One previous study failed to show an effect of practice in conjunction search (Treisman & Gelade, 1980) , while in another study, conjunction search became parallel after very extensive practice (Steinman, 1987) .
Methods
The stimuli consisted of red horizontal and green vertical or red vertical and green horizontal lines on a black background. In the first case, the target could be either red vertical or green horizontal; in the second, it could be either red horizontal or green vertical. The size of the lines was 0.4°× 2.4°, the size of the screen was 19°× 26°. To avoid the problem of using several fixations in order to identify the target, we again used stimuli as salient as to be easily discriminated in peripheral vision. The experiments were performed with four new naive and two experienced observers.
For the purpose of this experiment, the stimuli were redrawn. The screen was divided by imaginary diagonals into four triangular fields (a left, a right, a lower and an upper field). During training, the target could appear only in the upper or lower (versus right or left) fields of the screen. During testing, the target could occur only in untrained locations, i.e. the right or left (versus upper or lower) fields.
Only the stimulus 'gap' was used in this experiment. Otherwise, the methods were identical to those of experiments 1-3. Two subjects were trained in the 'updown' condition for 3 consecutive days, and then tested with the 'right-left' condition in the immediately following 2 consecutive days. For the other two subjects, the conditions were reversed. Mean reaction time for a specific target constellation was set at 100%. Improvement after switching to another condition was calculated as a percentage of this value. Symbols as in Table 2 .
Set size could be 1, 8 or 16. The stimuli were presented on a computer screen. The observer's task was, as in the previous experiments, to press the key of the computer mouse with the dominant hand as soon as possible, then to indicate with the same hand on the now empty screen whether and where the odd target had been.
The experiments were performed with four new naive and two experienced observers (R .S. and B.G.) . The naive subjects were tested for 3 -4 consecutive days. The experienced subjects participated in 11 consecutive daily sessions. Each session consisted of eight runs, each containing 28 trials.
By necessity, the displays containing a target were imbalanced regarding either the colour or the orientation of the items (e.g. a display of 16 items in which the target is 'red vertical' could contain either eight red horizontal and seven green vertical distractors, or seven red horizontal and eight green vertical distractors; the first case contains nine red and seven green items; the second has nine vertical and seven horizontal items. We call these mixtures 'more red', respectively 'more vertical'. Similarly, we could have 'more green' and 'more horizontal' mixtures). Fig. 16 shows the results of the 11 test sessions in subject R.S. This subject had been extensively tested with feature search (see previous sections), but had never participated in a conjunction search experiment.
Results and discussion
The initial results of this subject (left panels) replicate data known from the literature: reaction time increased with set size; for target-absent diplays (squares), the slopes were higher than for target-present ones (triangles and circles represent displays in which the target was red, respectively green). These results hold regardless of whether the displays contained more red (upper panels) or more green items (lower panels) and also regardless of whether the target was red (triangles) or green (circles).
Practice did not lead to an acceleration of the basic reaction time (this is not to be expected in this highly trained subject). Search remained serial for the targetabsent test sets (squares), but became progressively more effective for the target-present sets (triangles and circles).
In addition, an interesting asymmetry emerged in the search time for targets of different colours: search time Fig. 15 . Location specificity. Two naive subjects were tested for three consecutive days with a display in which the targets could be presented only in the left and right (upper or lower) fields, and then tested in the upper or lower (left or right) fields for the next 2 consecutive days. Symbols as in Fig. 6 . became progressively shorter for the target colour which was more frequent in the display: the red target in displays containing more red (upper panels) and the green target in the displays containing more green (lower panels). It is as if a search strategy emerged, based on a grouping by colours, with the group containing more items being inspected first (When asked about her introspection, the subject reported to have developed this strategy).
At the end of the test series, reaction time for the sets of eight elements was similar to that for the sets containing 16 elements, thus confirming our interpretation of a sorting by colours: indeed, after the less numerous group is disregarded, search in the remaining group can proceed in a parallel fashion and search time is now independent of the set size.
However, reaction time for sets of eight or 16 elements remained much higher than the response time for displays containing a single element. Obviously, grouping by colour is an active process, which requires processing time.
Similar results were obtained from the other extensively tested, experienced observer (B.G.). Thus, although conjunction search improves with practice, it remains clearly serial. Fig. 17 shows the cumulated results of the four naive subjects.
As would be expected from naive subjects, practice led to a progressive lowering of the basic reaction time. A sorting by colours emerged in these subjects as well. This sorting seemed to be more pronounced when the more numerous group was red (upper panels) than when it was green (lower panels). In spite of these learning effects, conjunction search remained serial after practice: reaction time always increased with set size.
In conclusion, in spite of the increased saliency of our stimuli, even extensive training did not generate new features out of a conjunction of features. This finding corroborates earlier reports (Treisman & Gelade, 1980) and shows a clear limitation of the learning process.
General discussion

Comparison with pre6ious studies
Neisser, Novick and Lazar (1963) compared time to scan for a single target (a letter) in a list with the time of scanning for multiple targets simultaneously. At first, search for multiple targets took longer than search for a single target, but extended practice was so effective that after about 2 weeks, ten targets could be scanned for as rapidly as one. Neisser interpreted this result as indicating the occurence of 'parallel processing' of multiple features instead of 'sequential processing'. Schneider and Shiffrin (1977) and Shiffrin and Schneider (1977) showed that controlled information processing can become automatic with practice, when subjects were asked to search through memorized lists of letters.
More recently, Fiorentini (1989) compared visual search for textures containing orientation differences in the fovea and in the peripheral visual field; she noticed that, during the experiments, performance improved considerably with practice. She avoided this problem by discarding the first two experimental sessions and counterbalancing the experimental conditions to compensate for possible trends during a session. Unfortunately, these results are not illustrated in her study, and this very promising line of research was not followed in further studies.
Several other authors acknowledged the importance of practice in feature search. Fahle (1990 Fahle ( , 1991b noticed that the detection of a vernier target with a spatial offset among distractors without offsets or among distractors with offsets oriented in the opposite direction can become parallel after a considerable amount of practice. Kleffner and Ramachandran (1992) , working on the perception of shape-from-shading, noticed differences between naive and experienced observers. For naive subjects, there was a search asymmetry between concave and convex tokens, in the sense that items consistent with the assumption that they were illuminated from above were processed more efficiently than if they seemed illuminated from below. Experienced subjects did not show this asymmetry (Lifelong familiarization with light coming from above might explain why, in this study, items shaded in a fashion consistent with lighting from above 'pop-out' among those lighted from below; other search asymmetries could be explained in the same way). Wang and Cavanagh (1993) reported that search for a Chinese character among non-characters was parallel for Chinese subjects, but serial for Western observers. With extended practice, search became much more effective for non-Chinese readers. These results confirm that familiarization with a feature can render initially serial tasks parallel (Indeed, Wang, Cavanagh and Green (1994) reported that familiarity provides a cue for efficient search; albeit, in this study, non-familiar targets pop-out!).
Our results might explain some of the discrepancies seen in the visual search literature. Most of the conclusions drawn in the literature are based on the results of naive observers, but the amount of practice trials, col- Fig. 17 . Cumulated search curves for conjunction search in four naive subjects. Symbols as in Fig. 16 . lected prior to the proper experiments and discarded, differs from one study to the next (e.g. Nakayama & Silverman, 1986: 40 trials; Bravo & Nakayama, 1992: 240 trials; Wolfe et al., 1992: 30 trials before each session; Kleffner & Ramachandran, 1992: one to four blocks of 48 trials each). The amount of data collected from each subject during the experiments varies between studies, and the amount of experience the subjects had with psychophysical techniques and especially with visual search experiments is also very different.
Two learning processes?
One way to accommodate most of the present knowledge about perceptual learning would be to admit the existence of two learning stages (see also Beard et al., 1995; Fahle et al., 1995) . The first stage would be a fast one, lasting a few hundreds of trials, in which the subjects mainly acquire familiarity with the cognitive aspects of the testing situation; learning in this stage is very likely to involve higher levels of cortical processing, and be characterized by a low stimulus specificity. The ensuing slow learning stage, requiring many thousands of trials, would be the one in which the particular aspects of the stimulus are learned. This slow learning could involve rather peripherally located brain structures (the ones traditionally thought to be 'hard-wired'), and be characterized by a high stimulus specificity, including, in extreme cases, specificity for the trained eye. The transition between the two learning stages does not necessarily have to be abrupt; in cases where stimulus presentation is not highly repetitive (as in our case), the slow, specific stage of learning could be missing altogether. Karni and Sagi (1993) presented evidence that slow learning of texture segmentation does not occur during the training sessions, but becomes manifest a few hours later. A break of at least 8 h was necessary, and the occurrence of REM sleep during this break facilitated learning (Karni et al., 1994) . Learning of our visual search tasks (and, in a separate study, of texture segmentation; Sireteanu and Rettenbach, 1996) occurred exclusively during the test sessions, and there was no evidence of a consolidation effect.
When does learning occur?
What is learned in 6isual search?
The lack of specificity of learning of visual search tasks suggests that what happens is not an improvement in the perception of a particular feature; rather, it seems that we are witnessing an improvement in search strategy. At the present time, we can only guess what mechanisms might be involved in this improvement.
Most likely, the subjects learn to distribute their attention more effectively over the test display, to disregard irrelevant cues and react quickly to relevant ones. Introspectively, this process feels like 'spreading' the attention to encompass the area on which the relevant stimuli are likely to appear. This suggestion is supported by the observation of the eye movements of the subjects during learning: as monitoring of the eye movements by videotaping indicate (Rettenbach & Sireteanu, unpublished observations) , in the initial stages of testing, the subjects make several scanning movements, which are subsequently progressively reduced and eventually disappear altogether (The results of the control experiment shown in Fig. 4 , upper panel, show that efficient, parallel search can be done without eye movements; see also Klein & Farrell, 1989) .
In sum, our results suggest a high-level location of the learning process. We agree with He and Nakayama (1992) that, 'in order to perform a visual search task, the system must operate at a higher level'.
What about conjunction search?
We found that even prolonged practice does not render search for a conjunction of colour and orientation parallel. This finding confirms an early study of Treisman and Gelade (1980) , but seems to be at odds with the study of Steinman (1987) , who found that several types of conjunction search become parallel with prolonged practice. There are several possible explanations for the discrepancy between our and Steinman's results: Steinman did not test conjunctions of orientation and colour, as both other studies did; his conjunctions might have involved local brightness differences, which might have been used by his subjects as a cue for learning. Steinman tested his subjects for several thousands of trials, and one might argue that our training was discontinued prematurely; this possibility was ruled out by re-training one of our experienced subjects (R.S.) at a later date, for further eight daily sessions. No further improvement was seen in this subject; search remained serial (Leonards, Rettenbach, Nase & Sireteanu, 1997) .
Our interpretation that there is no learning in conjunction search of orientation and colour deserves some comment. Actually, conjunction search improves with practice. After learning, search time is very similar for target-present displays with eight or 16 elements. This improvement is probably due to the emergence of a strategy of grouping by colour, with the more numerous group being searched before the less numerous. After one group has been selected, searching within this group can proceed in parallel.
Some authors would interpret this result as evidence for the emergence of parallel processing in conjunction search. Indeed, in some previous studies, search time for target-absent displays was not monitored (c.f. Nakayama & Silverman, 1986; Nothdurft, 1993) . Search time for the single element was sometimes disregarded, on the grounds that reacting to a single element is very different from a search task (c.f. Nakayama & Silverman, 1986; Duncan & Humphries, 1992; Wolfe et al., 1992) . Had we followed these lines, we might have concluded that conjunction search also becomes parallel with practice. We are reluctant to draw this conclusion. In our understanding, parallel search, or 'pop-out', occurs only if the time necessary for extracting an item with a feature in a background of distractors is identical to that required for detecting this item on an empty field. In order to be 'preattentive', the search process should be able to locate the odd item as quickly in the presence of distractors as in their absence. This was definitely not the case. Thus, the search for conjunctions of orientation and colour can become very efficient with practice, but certainly not parallel.
On the other hand, the independence of the search time on the number of distractors suggests that conjunction search after learning is not serial either (in the sense that each item is searched for in turn), but it involves grouping of items with similar properties. Evidence for grouping in visual search was given in other studies. Egeth, Virzi and Garbart (1984) , noticed that, when the numbers of the two groups of distractors are unequal, the less numerous group is inspected first; in the 'guided search theory' proposed by Wolfe, Cave and Franzel (1989) , one subgroup of distractors is selectively activated; the 'feature inhibition hypothesis' put forward by Treisman and Sato (1990) , suggests a selective inhibition of one group of distractors. Poggio et al. (1992) proposed that visual primitives are not necessarily present from birth, but can be generated in adult observers by fast perceptual learning. In support of their conjecture, they presented evidence of fast learning of hyperacuity. This conclusion was challenged by Kumar and Glaser (1993) , who suggested that hyperacuity modules might pre-exist, and be refined, but not generated by experience (see also Fahle et al., 1995) . Our results suggest that, whenever there was a local brightness difference between target and distractors, initially 'non-features' could acquire 'feature' status after prolonged experience. Displays in which the targets and distractors did not differ in local brightness (like our conjunction stimuli) could not be searched in parallel, no matter how much practice was involved (Nase, Rettenbach & Sireteanu, 1995; .
Where in the brain?
Psychophysical studies attempted to locate the place in the brain which is changed as a result of prolonged practice. The suggestions ranged from the monocular, location-and orientation-specific simple cells in the striate cortex (V1), to the higher-order, binocular cortical areas, in which the information for retinal position, size and orientation is still preserved, but which show generalization across hemispheres, including the binocular, direction-specific middle temporal area (MT, or V5), areas beyond MT, binocular and unspecific for orientation and motion direction, or areas V3 or V4, retinotopic, but not specific for the attribute seen during practice (see Section 1).
Functional imaging studies showed that, in human observers, long-term practice can produce profound changes in the cortical representation at the level of the primary somato-sensory (Elbert, Pantev, Wienbruch, Rockstroh & Taub, 1995) or the primary motor cortex (Karni, Meyer, Jezzard, Adams, Turner & Ungerleider, 1995) . In monkeys trained on a motion discrimination task, a short-term improvement in neuronal sensitivity in a visual area in the superior temporal sulcus (STS) was found, which accompanied the improvement in perceptual sensitivity (Zohary, Celebrini, Britten & Newsome, 1994) ; the neuronal improvement was not long-lasting, however -a finding which suggests that perceptual learning of motion direction might be based on mechanisms located downstream from this area .
Our study points to a high location of perceptual learning of visual search tasks in the hierarchy of visual cortical areas: the changes induced by learning of visual search have to involve areas in which ocularity, positional specificity and even the precise requirements for stimulus form and size are lost, but in which attentional processes play an important role.
Several neuropsychological findings suggest the involvement of the frontal and the superior parietal association cortices in visual search tasks. Trained monkeys show enhanced neural activity in the frontal eye fields during visual search (Schall & Hanes, 1993) . Patients with focal lesions of the frontal or the superior parietal areas, who show attentional deficits and/or hemispatial neglect, show specific deficits in visual search tasks, especially involving serial search (Eglin, Robertson & Knight, 1989 Arguin, Joanette, & Cavanagh, 1993) . Lesions involving the superior parietal cortex have been reported to be associated with deficits in visual grouping (Grabowecky, Robertson & Treisman, 1993) and in feature binding (Friedman-Hill, Robertson & Treisman, 1995) . Event-related potential studies suggest that conjunction search shares cortical mechanisms with other forms of visual-spatial attention (Luck & Hillyard, 1990; Luck, Fan & Hillyard, 1993) , and that feature and conjunction search tasks show a differential localization (Soria & Srebro, 1996) . Imaging studies involving the positron emission tomography (PET) show selective activation of the superior parietal cortex during spatial attention shifts and visual feature conjunctions (Corbetta, Shulman, Miezin & Petersen, 1995) .
Studies from our own laboratory, using functional magnetic resonance imaging, suggest the involvement of a complex cortical network in feature and conjunctive search tasks, involving the superior parietal cortex, the frontal eye fields, intraparietal areas and several extrastriate areas (Goebel, Linden, Sireteanu, Lanferman, Zanella, Singer et al., 1997) . A direct neuropsychological investigation in our laboratory confirmed that visual search and texture segmentation tasks are most deeply impaired in patients with focal lesions involving the frontal and the right posterior parietal lobe (Sireteanu, Dornburg, Krusch-Mielke & Rettenbach, 2000) .
It is likely that learning of visual search tasks produces, if not permanent, at least long-lasting changes in the intricate wiring of these areas. Transformation of serial into parallel search might result in a reduction (!) in the constellation of activated areas after prolonged practice. Psychophysiological studies conducted in our own laboratory show that the parallelization of initially serial tasks does not render these tasks effortless. Rather, the amount of attentional effort (as measured by galvanic skin conductance and muscle tonus) increases during learning , 1998 .
Further studies including a combination of psychophysical, psychophysiological and functional imaging of brain activation during learning of feature and conjunctive visual search tasks might bring further insights into the neural mechanisms involved in these tasks.
Conclusion
In this study, we have shown that, under some circumstances, serial visual search tasks can become parallel with practice. Learning is not specific for the task involved, for the trained eye, or for the trained visual field location. Thus, perceptual learning in visual search tasks seems to be quite different from other types of perceptual learning. Taken together, the high specificity of learning in visual discrimination and hyperacuity tasks, reported by previous authors, and the lack of specificity of learning in visual search, reported here, confirm that, since learning of a visual function is most likely to be done by the very neural circuits involved in processing this function, perceptual learning occurs at more than one place in the human brain, depending on the function being trained.
